Cyclin D2 (CCND2, encoded by Ccnd2) plays an important role in the induction of early-to-mid G1 phase transition and is required for granulosa cell proliferation during ovarian folliculogenesis. In the present study, we investigated the role of folliclestimulating hormone (FSH) in the regulation of cyclin D2 expression and degradation during rat granulosa cell proliferation in vitro. FSH acutely increased granulosa cell Ccnd2 mRNA abundance and CCND2 protein content as well as proliferation. FSH-induced granulosa cell CCND2 protein content and proliferation were mimicked by forskolin and attenuated by inhibitors of protein kinase A (PKA; H89) and phosphatidylinositol 3-kinase (PI3K; LY294002) as well as PKA catalytic subunit (PRKACA) small interfering RNA (siRNA) and dominant-negative Akt (dn-Akt) but were not affected by mitogen-activated protein kinase kinase 1/2 (MEK1/2; U0126). Interestingly, FSH also enhanced CCND2 protein degradation in granulosa cells, a process involving a PKA-mediated ubiquitin-proteasome degradation pathway. Taken together, these results demonstrate that FSH acutely regulated CCND2 expression through both PKA and PI3K signaling pathways during granulosa cell proliferation and also accelerated its ubiquitination-proteasomal degradation, which may prevent overstimulation of granulosa cell proliferation and follicular growth.
INTRODUCTION
Folliculogenesis is an intricate process that involves the maturation of the ovarian follicle from primordial to preovulatory stage and is necessary for female fertility. Regulation of follicular growth requires endocrine, paracrine, and autocrine communication between multiple cell types within the ovary [1] . Follicle-stimulating hormone (FSH) is essential for inducing maturation of ovarian follicles, as follicles from FSH b-null or FSH receptor-null mice are arrested at the preantral follicle stage [2] [3] [4] . Within the follicle, granulosa cells are the only FSH-targeted cells, and it is well established that granulosa cells proliferate in response to FSH in vivo [5] [6] [7] . However, some studies have shown that rat granulosa cells do not proliferate in response to FSH in vitro without the presence of activin or GDF-9 [8] [9] [10] [11] . To date, the precise regulatory mechanism of FSH in granulosa cell proliferation is not completely understood and requires further investigation.
D-type cyclins (CCND1, CCND2, and CCND3) promote G1/S transition during cell cycle progression. They act by binding to cyclin-dependent kinases and increase retinoblastoma protein phosphorylation and relieve inhibition of the transcription factor E2F [12, 13] . In the ovary, CCND2 is expressed mainly in granulosa cells and is responsive to FSH [14] . CCND2-deficient female mice are sterile owing to the inability of granulosa cells to proliferate and to preantral follicle growth arrest. FSH rapidly promotes a modest increase in Ccnd2 mRNA expression in granulosa cells [14, 15] , while FSH b-null or FSH receptor-deficient mice exhibit decreased Ccnd2 mRNA level [2, 4] . However, the regulation mechanism of Ccnd2 and CCND2 levels in granulosa cells by FSH is not completely understood.
Recent studies suggest that the phosphatidylinositol-3-kinase (PI3K) pathway plays a prominent role in regulating cell cycle progression and cell proliferation in various cell types [16] [17] [18] [19] and that activation of Akt overcomes cell cycle arrest at phases G1/S and G2/M [20] [21] . The protein kinase A (PKA) pathway has also been implicated in the regulation of Ccnd2 mRNA abundance by binding with cAMP response element-binding (CREB) site, and it reduced Ccnd2 promoter activity during lymphocyte proliferation [22] [23] . FSH binds to its G protein-coupled receptor (GPCR) and activates adenylyl cyclase and consequently PKA [24] [25] [26] . In granulosa cells, FSH and the PKA catalytic subunit (PRKACA) are known to induce promoter activity of Ccnd2 [23] . It has also been demonstrated that FSH together with activin significantly increased CCND2 expression in granulosa cells at 24 h through the PI3K pathway [10] . However, whether and how FSH alone regulates CCND2 expression in granulosa cells by both PKA and PI3K pathways is unclear [10, [14] [15] 27] . Although Dtype cyclin expression is regulated mainly by gene transcription in various cells, recent evidence in hematopoietic cells indicates that CCND2 is also controlled at the post-translational level by ubiquitination [28, 29] . However, little is known about the posttranslational regulation of CCND2 in granulosa cells.
In this study, we investigated the molecular events in the regulation of CCND2 by FSH alone during granulosa cell proliferation in vitro. We have shown that both PKA and PI3K signaling pathways are involved in regulation of CCND2 expression and that degradation of CCND2 via ubiquitin (UB)-proteasome in response to FSH requires PKA signaling. These studies demonstrate that FSH not only rapidly regulates CCND2 expression through both PKA and PI3K signaling in granulosa cells but also controls its stability via PKA signalingmediated proteasomal degradation.
MATERIALS AND METHODS

Materials
All chemicals used in the present study were purchased from SigmaAldrich (St. Louis, MO) unless otherwise indicated. Medium 199 (M199), fetal bovine serum (FBS), 0.05% trypsin-EDTA, the Click-iT EdU Alexa Fluor 594 imaging kit, Alamar Blue assay reagent, PCR primers (for Ccnd2 and Rn18s), and Lipofectamine 2000 were purchased from Invitrogen Canada Inc. RNeasy mini-kit, deoxyribonuclease I in RNase-free deoxyribonuclease set and QuantiTect SYBR Green PCR kit were purchased from Qiagen Inc. (Mississauga, ON, Canada). Acrylamide (electrophoresis grade), N,N 0 -methylene-bis-acrylamide, ammonium persulfate, glycine, SDS-PAGE prestained molecular weight standards, protein assay kit, nitrocellulose membranes, horseradish peroxidase (HRP)-conjugated anti-rabbit and anti-mouse immunoglobulin (IgG) were from Bio-Rad Laboratories, Inc. (Mississauga, ON, Canada). Rhodamine-conjugated goat anti-rabbit IgG, rabbit IgG, polyclonal anti-rabbit CCND2, and monoclonal anti-UB were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). U0126 (MEK1/2 inhibitor), H89 (PKA inhibitor), PRKACA small interfering RNA (siRNA), and fluorescein conjugate control siRNA, polyclonal anti-rabbit PRKACA, monoclonal anti-rabbit phospho-GSK3b, phospho-AKT (Ser473), and total-AKT antibodies, as well as monoclonal anti-mouse phospho-AKT (Thr308) antibody were purchased from Cell Signaling Technology Inc. (Beverly, MA). Monoclonal anti-rabbit total-GSK3b and anti-rat human influenza hemagglutinin (HA) antibodies were purchased from Abcam Inc. (Cambridge, MA) and Roche (Mississauga, ON, Canada), respectively. The enhanced chemiluminescence (ECL) detection kit was obtained from Amersham Life Science (Oakville, ON, Canada). Adenoviral constructs with Lacz cDNA were provided by Dr. Ruth Slack (Adenovirus Core Facility, Neuroscience Research Institute, University of Ottawa). Adenoviral construct containing HA-tagged kinase-dead dominant-negative Akt (dn-Akt) was a generous gift from Dr. Kenneth Walsh (Cardiovascular Research, St. Elizabeth's Medical Centre, Boston, MA).
Animal Preparation
Immature (21-22 days old) female Sprague Dawley rats were purchased from Charles River Canada (Montreal, Que, Canada) and maintained under standard conditions (12L:12D; lights off at 1900 hours), with food and water available ad libitum. All animal work reported in the present studies was performed in accordance with Guidelines for the Care and Use of Laboratory Animals of the Canadian Council on Animal Care under an approved animal protocol.
Granulosa Cell Isolation and Culture
Ovaries were removed from immature rats treated for 3 consecutive days with diethylstilbestrol (DES, 1 mg/rat/day) and then transferred into M199 [30] . Whole ovaries were incubated in 6 mM EGTA in M199 (5 min), followed by 0.5 M sucrose in M199 (15 min) [31] . Ovaries were then transferred into fresh M199, and granulosa cells were collected by puncturing preantral and early antral follicles with a hypodermic needle (27-gauge) and then oocytes were removed with a nylon cell strainer (40 lm; BD Falcon, Bedford, MA). Granulosa cells were centrifuged (1000 3 g, 7 min), resuspended in M199 containing 10% FBS (seeding medium), and cultured (1 3 10 6 viable cells per well; 16-24 h) in 6-well plates (BD Falcon) containing 1.5 ml of M199 with 10% FBS. After an overnight incubation (16-24 h), cells were washed three times with serum-free M199 to remove serum and unattached cells. Serum-free M199 supplemented with HEPES (15 mM), streptomycin (100 lg/ml), penicillin (100 U/ml), and amphotericin B (Fungizone; Life Technologies; 2.5 mg/ml) was added to the cells, which were cultured (378C, 5% CO 2 ) for at least 24 h (serum-starved). Thereafter, cells were cultured in the presence or absence of the various test agents [32] and harvested at different time points depending on the design of the experiments.
Flow Cytometric Analysis
At the end of the culture period, granulosa cells were lifted from the cultured surface by trypsinization (0.05% trypsin-EDTA), resuspended and fixed in 70% ethanol (overnight, 48C). The cells were centrifuged (800 3 g, 5 min) and stained in propidium iodide solution (50 lg/ml) containing Triton X-100 (0.1%) of ethylenediamine tetraacetic acid (Na) 2 (0.1 mM), and ribonuclease A (50 lg/ml; 1 h at room temperature). Cell suspensions were then filtered (40-lm nylon cell strainer; BD Falcon) to remove cell aggregates, and cell cycle analysis was performed by using flow cytometry [33] . The percentages of granulosa cells in S and G2/M phases of the cell cycle were calculated using Expo 32 ADC software (Beckman Coulter, Inc., Brea, CA).
Cell Proliferation Assays
Alamar Blue assay. Granulosa cell proliferation was assessed with the Alamar Blue assay [34] . Briefly, granulosa cells were seeded overnight in 96-well plates (10 000 cells/well; BD Falcon) with M199 containing 10% FBS, precultured (24 h) in serum-free M199, cultured with or without FSH (100 ng/ ml, 24 h), for 3 additional h with Alamar Blue reagent (10% v/v) present in the culture medium. Absorbance at wavelengths of 570 nm and 600 nm of the spent medium was measured using a spectrofluorometer (model MRX; Dynatech Laboratories Inc., Simi Valley, CA). Changes in cell number were determined from a standard curve showing a linear relationship between granulosa cell numbers and absorbance of Alamar Blue dye and expressed as a percentage of total cells at the beginning of culture.
EdU (5-ethynyl-2 0 -deoxyuridine) staining. Granulosa cell proliferation was also assayed by determining EdU incorporation into DNA [35] . Granulosa cells were cultured on glass coverslips (VWR, Mississauga, ON, Canada) to form the monolayer of cells and incubated with EdU (a novel alternative for BrdU [5-bromo-2 0 -deoxyuridine], 2 h) to label the proliferating cells, fixed in formaldehyde (3.7%, 15 min, room temperature) in PBS (pH 7.2;7.4). For negative controls, granulosa cells were fixed without prior exposure to EdU and were then further treated as the EdU-treated groups. After fixation, cells were washed twice with 1% bovine serum albumin (BSA) in PBS and then permeabilized with 0.5% Triton X-100 in PBS for 20 min and washed again twice in 1% BSA. Then cells were incubated with 13 reaction cocktail for 30 min (room temperature) and washed three times in PBS according to the manufacturer's instructions. Thereafter, coverslips were added, along with a drop of antifade reagent with 4 0 ,6-diamidino-2-phenylindole (DAPI), and sealed to the slide, and then slides were analyzed for EdU incorporation by microscopy.
RNA Extraction, cDNA Synthesis, and Real-Time RT-PCR Analysis
Total RNAs were extracted from granulosa cells using RNeasy mini-kit according to the manufacturer's instructions. . Real-time PCR was carried out using a QuantiTect SYBR Green PCR kit, and the thermal cycling conditions consisted of an initial denaturation step at 958C for 15 min, followed HAN ET AL.
by 50 cycles of amplification for cyclin D2 or 40 cycles for 18S rRNA at 958C for 15 sec, 568C for 20 sec, and 728C for 30 sec. PCR products were subsequently melted at 608C for 30 sec. The melting curve analysis showed a single peak with no primer-dimers at the described PCR working conditions for Ccnd2 and Rn18s primer sets, respectively. A standard curve was performed for the Ccnd2 gene, and in each PCR, cyclin D2 mRNA abundance was quantified by using the standard curve and expressed as a ratio to Rn18s values. PCR without reverse-transcribed cDNA was used as negative control.
Protein Extraction and Western Blot Analysis
Proteins used for Western blotting were collected from primary cultured granulosa cells of DES-primed immature rats. The granulosa cell pellets were resuspended in whole-cell lysis buffer (13 PBS [pH 7.4], 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing 10 lM protease inhibitors, PMSF, 50 lg/ml aprotinin, and 1 mM sodium orthovanadate and then homogenized by sonication (5 sec/cycle, 3 cycles). Homogenates were centrifuged (14 000 3 g, 20 min) to collect the supernatant (cell lysate), and then the protein concentration was determined with the DC protein assay kit (Bio-Rad). All protein extraction processes were carried out on ice or at 48C. Aliquots of proteins (20 lg) were boiled in 1008C water for 10 min and centrifuged at 8000 3 g for 5 min and then stored at À208C until analyzed. Proteins were separated by SDS-PAGE with 5% (w/v) stacking gel and 10% (w/v) separating gel at 90 V for approximately 2 h and electrically transferred to a nitrocellulose membrane. Membranes were incubated for 1 h with 5% non-fat dry skim milk in 13 Tris-buffered saline (TBS) with 0.5% Tween-20 (TBST) to block nonspecific binding and then incubated with primary antibody overnight (48C). After being washed with 13 TBST, the membranes were then incubated with HRP-conjugated secondary antibody (room temperature, 1 h). The blots were visualized by using an enhanced chemiluminescence (ECL) kit, and protein content was determined by densitometrically scanning the exposed x-ray film. Primary antibodies were diluted as follows: CCND2, 1:10 000; phospho-AKT (Ser473), 1:1000; phospho-AKT (Thr308), 1:1000; total-AKT, 1:1000; phospho-GSK3b, 1:1000; total-GSK3b, 1:1000; PRKACA, 1:1000 dilution; UB, 1:1000; and tubulin, 1:20 000.
RNAi of PRKACA
To detect transfection efficiency, granulosa cells were transfected with a fluorescein-conjugated control siRNA, which accumulates in nuclei. By comparing the green fluorescence nuclei with blue-stained (DAPI) nuclei by fluorescence microscopy, we found that the percentage of cells successfully transfected was higher than 80%. Transfection of PRKACA siRNA (100 nM) and control siRNA (48 h) in cultured granulosa cells was accomplished using Lipofectamine2000 according to the manufacturer's instructions.
Infection with Adenovirus Vectors
Granulosa cells were infected with HA-tagged dn-Akt or Lacz cDNA control (48 h). Total multiplicity of infection (MOI) was maintained constant 
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for all treatment groups (MOI ¼ 40). Adenovirus infection efficiency was determined by anti-HA and anti-pho-GSK3b antibodies. Infection efficiency was more than 90%.
Immunoprecipitation
The cell lysate was incubated (48C, 30 min) in Pierce immunoprecipitation cell lysis buffer (Thermo Fisher Scientific Inc., Rockford, IL) supplemented with 13 protease inhibitor mixture I (Sigma) and 13 phosphatase inhibitor (PhoSTOP; Roche), and centrifuged (14 000 3 g, 10 min, 48C). An aliquot of 400 lg of protein of the supernatant (400 ll) was incubated with protein A Dynabeads (Invitrogen) coated with rabbit polyclonal anti-CCND2 antibody (23 g/200 ll; 1 h, room temperature) and immunoprecipitated (48C, 1 h). The beads were pelleted, resuspended in 13 SDS loading buffer (30 ll), boiled (10 min), and loaded onto 10% SDS polyacrylamide gels. Following protein transfer to nitrocellulose, CCND2 and UB were detected by Western blotting.
Statistical Analysis
All experiments were repeated a minimum of three times, and results are expressed as means 6 SEM. Data were analyzed by one-way, two-way, or three-way analysis of variance (ANOVA) followed by Tukey post hoc test (SigmaPlot version 11.0 software; Systat Software, Richmond, CA). Significant differences were defined at P values of ,0.05 (* or #; see figures) and P , 0.01 (** or ##; see figures).
RESULTS
FSH Promotes Granulosa Cell Proliferation In Vitro
To determine whether FSH regulates granulosa cell proliferation, granulosa cell DNA synthesis, cell cycle progression, and cell number changes were assessed by EdU staining, flow cytometry, and Alamar Blue assay, respectively. Interestingly, FSH markedly increased granulosa cell DNA synthesis as early as 2 h in vitro (Fig. 1A, P , 0.05 ). This rapid gonadotropic response was associated with a significant increase in the percentage of the cell population in S phase of the cell cycle, and these responses were not evident by 24 h of FSH treatment (Fig. 1B, 2 h, P , 0.05; 24 h, P , 0.05). In contrast, the percentage of granulosa cells at G2/M phase was significantly increased by 24 h but not at 2 h after the addition of FSH to the culture medium (Fig. 1C, 24 h, P , 0.05) .
Similarly, FSH significantly up-regulated the number of granulosa cells at 24 h in vitro (Fig. 1D , P , 0.05).
FSH Acutely Up-Regulates Granulosa Cell Ccnd2 mRNA Abundance and CCND2 Protein Content
To better understand the possible mechanism of FSHinduced granulosa cell proliferation, changes in Ccnd2 mRNA and CCND2 protein expression induced by FSH were determined at different time points by real-time PCR and Western blotting, respectively. Granulosa cell Ccnd2 mRNA abundance was significantly increased by FSH as early as 1 h and then followed a quick decline after 4 h ( Fig. 2A, 1 h, P , 0.05; 2 h, P , 0.05; 4 h, P , 0.01). Consistent with the changes in Ccnd2 mRNA abundance, FSH remarkably stimulated CCND2 protein content as early as 2 h, a response which returned to basal level at 12 h and 24 h (Fig. 2B, 2 h, P , 0.01; 6 h, P , 0.01).
PKA and PI3K but Not MEK Pathway Mediates FSH-Induced Granulosa Cell CCND2 Expression and Proliferation
To determine the signaling mechanisms involved in the regulation of CCND2 expression in the control of granulosa cell proliferation by FSH, we evaluated the influence of specific inhibitors of three different signaling pathways on these events. As shown in Figure 3A , FSH-induced CCND2 expression was significantly inhibited by the PKA inhibitor H89 (10 lM, P , 0.05) and the PI3K inhibitor LY294002 (10 lM, P , 0.05), but not the MEK1/2 inhibitor U0126 (20 lM).
As shown in Figure 3B , PKA activator forskolin (10 lM; P , 0.05) mimicked the action of FSH on the CCND2 protein level. Similar to H89, another cell-permeable endogenous inhibitor of PKA (PKI, 0-20 lg/ml) dose-dependent suppressed FSH-induced CCND2 expression in granulosa cell cultures (Fig. 3C) . Additionally, FSH-stimulated granulosa cell proliferation could also be induced by forskolin (10 lM, P , 0.05) and suppressed by H89 (10 lM, P , 0.05) and PKI (20
FIG. 2. FSH up-regulates
Ccnd2 mRNA abundance and CCND2 protein content in vitro. A) Time course of Ccnd2 mRNA induction after addition of FSH (100 ng/ml) to serum-starved granulosa cells in 24 h. Granulosa cells were pooled for RNA extraction, and the mRNA abundance levels of Ccnd2 were analyzed by real-time PCR and normalized against those of Rn18s. B) Granulosa cells were treated with FSH for different durations, and the protein content of CCND2 was examined by Western blotting. Data are fold change over the loading control tubulin (B). Results are means 6 SEM of 3-5 independent experiments and were analyzed by two-way ANOVA and subsequently by Tukey post hoc test (SigmaPlot version 11.0 software). *P , 0.05; **P , 0.01 compared to respective CTL group.
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FIG. 3. PKA and PI3K but not MEK signaling pathways are involved in FSH-induced granulosa cell CCND2 content and proliferation in vitro. A) Granulosa cells were preincubated with an inhibitor of PKA (H89, 10 lM), PI3K (LY294002 [LY], 10 lM), and MEK (U0126, 20 lM) for 1 h and subsequently challenged with FSH (100 ng/ml) for an additional 2 h. Protein content of CCND2 was examined by Western blotting, and data are fold change over loading control tubulin. B) Granulosa cells were treated with forskolin (FSK, 10 lM) and FSH (100 ng/ml) for 2 h, the content of CCND2 was examined by Western blotting, and data are fold change over loading control tubulin. C) Granulosa cells were pretreated with the cell-permeable inhibitor of PKA (PKI; 0-20 lg/ml) for 1 h and subsequently challenged for 2 h with FSH (100 ng/ml). Protein content of CCND2 was examined by Western blotting, and data are fold change over loading control tubulin. D) Granulosa cells were treated with different concentration (0-10 lM) of the PDK1 inhibitor GSK2334470 in the presence of FSH (100 ng/ml), and protein content of CCND2 was analyzed. Immunoblots shown are representative of three independent experiments. E) Granulosa cell proliferation (24 h) was detected using Alamar Blue assay following treatment with forskolin (10 lM), H89 (10 lM), LY (10 lM), PDK1 (5 lM), and/or FSH (100 ng /ml). Phospho-AKT (Thr308) (pAKT [Thr308]), phospho-AKT (S473 (pAKT [S473] ). Data are means 6 SEM of 3-5 independent experiments. A, B, and D) One-way or two-way ANOVA followed by Tukey post hoc test (SigmaPlot version 11.0 software). *P , 0.05 compared to respective CTL group. # P , 0.05 compared to DMSO group.
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lg/ml, P , 0.05) (Fig. 3E) . To directly test the role of PKA in FSH-induced granulosa cell cyclin D2 expression and cell proliferation in vitro, we down-regulated PRKACA by PRKACA siRNA. Silencing PRKACA expression significantly suppressed FSH-induced CCND2 expression (Fig. 4A ) and granulosa cell proliferation (Fig. 4B, P , 0.05) .
A well characterized target of PI3K is the protein kinase B (also known as AKT), which is activated through recruitment to cellular membrane by PI3K lipid products and phosphorylation by 3 0 -phosphoinositide-dependent kinase-1 (PDK1) [36] . To further demonstrate the potential involvement of PI3K/ PDK1 signaling pathway in FSH-induced CCND2 expression, we pretreated granulosa cells for 2 h with the PDK1-specific inhibitor GSK2334470 [37] and subsequently cultured with FSH. As shown in Figure 3D , GSK2334470 decreased basal and FSH-induced CCND2 content, with down-regulation of the FSH response being significant at 5 lM GSK2334470. FSHstimulated granulosa cell proliferation was down-regulated by LY294002 (10 lM) and GSK2334470 (5 lM) (Fig. 3E) . To further determine whether AKT was directly involved in FSHinduced CCND2 expression and granulosa cell proliferation, granulosa cells were infected with adenoviral HA-tagged dnAkt prior to FSH treatment. Successful dn-Akt expression was confirmed by Western blotting with an anti-HA and anti-phoGSK3b antibodies (Fig. 5A) . FSH-induced CCND2 expression (Fig. 5A ) and granulosa cell proliferation (Fig. 5B, P , 0 .05) were remarkably inhibited in cells expressing dn-Akt.
Regulation of Granulosa Cell CCND2 Content by FSH at the Transcriptional and Post-Translational Levels
To determine whether the FSH-induced Ccnd2 mRNA abundance ( Fig. 2A) was a consequence of increased gene transcription or stabilization of the message, granulosa cells were pretreated with a transcriptional inhibitor actinomycin D (Act D, 10 lg/ml) prior to challenge with FSH. As shown in Figure 6A , Act D markedly attenuated the increase in Ccnd2 mRNA abundance induced by the gonadotropin, supporting the notion that FSH quickly increases Ccnd2 mRNA expression [14] [15] . In addition, basal Ccnd2 mRNA abundance decreased significantly with duration of culture in the presence of Act D, a response not affected by the presence of FSH (Fig. 6A) . This last observation suggests that FSH does not influence the stability of Ccnd2 mRNA.
To test whether FSH influences CCND2 protein stability, we cultured granulosa cells with protein synthesis inhibitor cycloheximide (CHX) and examined the changes in CCND2 protein content. CHX accelerated the decrease in CCND2 content in a time-and concentration-dependent manner (Fig.  6B) , with significant differences with FSH treatment as early as 1 h (Fig. 6C, P , 0.05 ). In addition, while pretreatment of granulosa cells with forskolin (10 lM) elicited an effect similar to that of FSH on CCND2 degradation (Fig. 7A) , FSHfacilitated CCND2 degradation was partly abrogated by pretreatment with H89 (10 lM) (Fig. 7B) but not with the inhibitor of PI3K (LY294002, 10 lM) (Fig. 7C) and MEK (U0126, 10 lM) (Fig. 7D) . Taken together, these findings suggest that CCND2 protein stability is down-regulated by FSH through the cAMP/PKA signaling pathway.
FSH Accelerates CCND2 Instability via a UbiquitinProteasome Degradation Pathway
To determine whether the proteasomal pathway could be involved in CCND2 degradation in response to FSH, granulosa cells were pretreated for 1 h with the proteasomal inhibitors MG132 (5 lM) and lactacystin (10 lM) and cultured with FSH for an additional 2 h. The proteasomal inhibitors significantly increased CCND2 protein level in granulosa cells with or without FSH treatment in vitro (Fig. 8A) . To better understand the involvement of proteasomes in FSH-accelerated CCND2 degradation, granulosa cells were pretreated with MG132 (5 lM) or lactacystin (10 lM) in the presence of CHX (5 lg/ml) and subsequently challenged for 1 h with FSH (100 ng/ml).
FIG. 4.
Silencing PRKACA suppresses FSH-induced granulosa CCND2 expression and proliferation. A) Granulosa cells were transfected with a PRKACA siRNA or a control siRNA, and 48 h post-transfection cells were incubated for 2 h in the presence of 100 ng/ml FSH. Protein content of CCND2 and PRKACA was examined by Western blotting, and data are fold change over the loading control tubulin. B) After 48 h transfection, cells were cocultured in the presence of FSH (100 ng/ml) for an additional 24 h, and granulosa cell proliferation was measured by Alamar Blue assay. Data are means 6 SEM of 3-5 independent experiments. B) Two-way ANOVA followed by Tukey posthoc test (SigmaPlot version 11.0 software). *P , 0.05; **P , 0.01 compared to respective CTL group. # P , 0.05 compared to CTL siRNA group.
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FSH remarkably reduced CCND2 level in the presence of CHX (5 lg/ml), a response markedly decreased by the presence of the proteasomal inhibitors (Fig. 8B) .
To examine whether FSH induced granulosa cell CCND2 ubiquitination, cells were pretreated with MG132 (5 lM, 2 h) and subsequently challenged with FSH (1 h, 100 ng/ml). CCND2 was immunoprecipitated with anti-CCND2 antibody and immunoblotted to detect CCND2-conjugated ubiquitin. In the presence of MG132, untreated granulosa cells contained a small amount of ubiquitinated proteins that precipitated with the anti-CCND2 antibody, whereas 1-h FSH treatment dramatically increased the amount of precipitated highmolecular-weight CCND2-conjugated polyubiquitin (Fig. 8C) .
DISCUSSION
CCND2 plays an important role in granulosa cell proliferation. In the present study, we have demonstrated that FSH rapidly increased CCND2 expression through both the cAMP/ FIG. 5. Down-regulation of Akt function attenuates FSH-stimulated granulosa cell CCND2 content and proliferation. A) Granulosa cells were infected with adenoviral HA-tagged dominant-negative Akt (HA-dn-Akt, dn-akt group as treatment; 48 h) and Lacz (MOI, 40; lacz group as control; 48 h), and subsequently treated for 2 h with FSH (100 ng/ml). Protein content of CCND2 was analyzed by Western blotting, and successful knockdown of Akt activity was confirmed by immunoblots of phospho-GSK3b (pGSK3b) and HA. B) After 48 h infection, granulosa cells were treated with FSH (100 ng/ml) for 24 h, and cell proliferation was measured by Alamar Blue assay. Data are means 6 SEM of 3-5 independent experiments. B) Two-way ANOVA followed by Tukey post hoc test (SigmaPlot version 11.0 software). **P , 0.01 compared to respective CTL group. # P , 0.05 compared to lacz group. FIG. 6. Effects of FSH on regulation of CCND2 at transcriptional and post-translational levels. A) Granulosa cells were pretreated with actinomycin D (Act D, 10 lg/ml) for 1 h without and subsequently challenged for 24 h with or without FSH (100 ng/ml). The mRNA stability of Ccnd2 in granulosa cells were examined at different time points (0, 2, 4, 8, and 24 h), RNA was collected at the times indicated, and Ccnd2 mRNA was measured by real-time PCR and normalized against that of Rn18s. B) Granulosa cells were incubated with cycloheximide (CHX, 2-10 lg/ml) in the absence of FSH for 2 h. The protein in granulosa cells was collected at different time points (0, 30, 60, and 120 min), and stability of CCND2 was examined by Western blotting, and data are fold change over the loading control tubulin. C) Granulosa cells were pretreated with CHX (5 lg/ml) for 1 h (time 0) and subsequently challenged for 2 h with or without FSH (100 ng/ml). CCND2 stability in granulosa cells was examined at different time points (0, 30, 60, and 120 min) by Western blotting, and data are fold change over the loading control tubulin. Data are means 6 SEM of 3-5 independent experiments. A and B) Three-way ANOVA followed by Tukey post hoc test (SigmaStat software). C) Two-way ANOVA followed by Tukey post hoc test (SigmaPlot version 11.0 software). *P , 0.05; **P , 0.01 compared to respective time 0. # P , 0.05 compared to CTLþCHX group.
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PKA and PI3K/PDK1/Akt signaling pathways and also enhanced cAMP-mediated CCND2 degradation through a ubiquitin-proteasome pathway.
Ovarian follicles undergo considerable growth in response to FSH, largely as a result of the increased proliferation of granulosa cells. However, granulosa cells have limited growth potential in vitro as maximal increase in cell number seldom exceeds more than one cell doubling [9] . Previous study has shown that FSH stimulates the incorporation of [3H]thymidine into rat granulosa cell DNA in vivo [38] and that FSH and TGF-beta together increase DNA synthesis and the proliferation of rat granulosa cells in vitro [39] . However, whether FSH alone stimulates granulosa cell division in vitro is still controversial [8] [9] [10] 40] . Contrary to previous reports that FSH alone is incapable of promoting granulosa cell proliferation in vitro [8, 9] , we have demonstrated in the present study that FSH stimulated granulosa cells proliferation in vitro, using three different but complementary approaches (showing increased DNA synthesis and cell number and cell cycle progression). Previous studies indicate there is no increased DNA replication in rat granulosa cells in response to FSH at 12-72 h [10, 11, 27] ; whether there is an earlier response to FSH was not reported. Our present results shown that granulosa cell proliferation respond to FSH as early as 2 h, implying the presence of a rapid and acute responding intracellular intermediate involved in the gonadotropic regulation of DNA synthesis in granulosa cells.
CCND2, a proliferation-associated protein required for DNA synthesis in granulosa cells, increased transiently in response to FSH both in vivo and in vitro [14] [15] . Consistent with these reports, we observed in the present study that FSH rapidly increased in Ccnd2 mRNA abundance (1 h) and CCND2 protein content (2 h) in granulosa cells in vitro. Similarly, proliferating cell nuclear antigen (PCNA), another early cell cycle regulatory marker for cell proliferation, is also up-regulated rapidly (2 h) in granulosa cell in response to FSH [40] . These results are consistent with the rapid and acute DNA synthetic response in granulosa cells following FSH stimulation. However, whether FSH plays a stimulatory role in regulating CCND2 expression in granulosa cells is still controversial. Although a secondary increase in CCND2 expression has been reported at 24 h after FSH stimulation in vivo and in vitro [14] , the lack of response in granulosa cell CCND2 content to FSH during 24 h culture has also been reported [10, 20] . Our present study showed that CCND2 expression returned to the basal level between 12 h and 24 h. These findings are not only consistent with those of earlier reports [10, 20] but also suggest the presence of a negative regulatory mechanism for the control of steady-state level of this enzyme. In this context, analysis of CCND2 protein stability in the present study revealed for the first time that FSH facilitated CCND2 protein degradation in cultured granulosa cells, offering a possible new regulatory mechanism for the cell cycle machinery in granulosa cells. Recently, CCNDs have been reported to be degraded by the 26S proteasome [41] [42] [43] [44] .
Similarly, we have shown in this study that CCND2 is degraded in a proteasomal-dependent manner in granulosa cells, a process rapidly enhanced (1 h) by FSH. It has been reported that activin synergizes with FSH in the up-regulation of granulosa cell CCND2 content during 24-h culture; whereas FSH alone had no significant effect on CCND2 content, activin significantly up-regulated this response in the presence of the gonadotropin [10, 27] . Whether activin increases CCND2 content by preventing its degradation by proteasome remains to be determined.
Proteins selected for proteasomal degradation are commonly marked by polyubiquitination [45] . In the present study, we observed that CCND2 ubiquitination was stimulated by FSH at as early as 1 h of treatment, a time consistent with its onset of proteasomal degradation. These findings are consistent with the those of the report that CCND2 degradation is regulated by ubiquitination in response to GSK3b-mediated CCND2 phosphorylation in hematopoietic cells [28] . Interestingly, we showed herein for the first time that FSH facilitated granulosa cell CCND2 degradation is PKA dependent. Pretreatment of granulosa cells with the PKA inhibitor H89 significantly attenuated FSH-induced cyclin D2 degradation in vitro. Precisely how PKA regulates CCND2 stability in granulosa cells and their proliferative potential requires further investigation.
It is well established that activation of the PI3K signaling pathway results in phosphorylation of a number of downstream substrates, including forkhead box proteins (FOXO) and glycogen synthase kinase 3b (GSK3b). FOXO transcription factors inhibit cell cycle progression by repressing the Ccnd gene transcription [20] . GSK3b also mediates the suppression of CCND2 expression in mouse embryonic fibroblasts [21] . In the present study, we have demonstrated that the regulation of CCND2 in granulosa cells by FSH is PI3K-dependent. Pretreatment of granulosa cells with inhibitors of PI3K and PDK1 as well as down-regulation of Akt function by dn-Akt blocked FSH-induced CCND2 content, implying the possible involvement of PI3K signaling in the up-regulation of granulosa cell CCND2 expression by FSH in vitro. However, whether FOXO and GSK3b are directly involved in this regulation is not known. In addition, PKA signaling has also been reported to regulate CCND2 expression in different cell types [22, 23] . In the present study, we have shown that the PKA pathway mediates FSH-induced CCND2 increase in granulosa cells. Pretreatment with the pharmacological (H89) and endogenous (PKI) inhibitors of PKA as well as silencing of PRKACA suppressed FSH-induced CCND2 expression.
Precisely how PKA and PI3K signaling interact to regulate granulosa cell CCND2 expression and cell proliferation is not clear. The above-described findings, together with the report of the presence of CREB sequence in cyclin D2 promoters [22, 23] , raise the possibility that PKA signaling plays a role in the acute regulation of CCND2 expression by FSH. Interestingly, forskolin and cell-permeable cAMP analogs can activate Akt in granulosa cells [46] , implying that cAMP may be the key upstream regulator of PI3K signaling in granulosa cell. Conversely, the PI3K inhibitor wortmannin is known to block FSH-induced phosphorylation of CREB [47] , further supporting the notion of a crosstalk between the PI3K and PKA signaling pathways.
Take together, the present study shows that FSH regulates CCND2 content in granulosa cells not only by promoting gene transcription but also by accelerated degradation, implying that FSH works as a positive and negative regulator in the control of granulosa cell proliferation. Specifically, this is shown by the acute FSH-induced CCND2 expression level as a FIG. 8. FSH facilitates CCND2 ubiquitination and proteasomal degradation in granulosa cells in vitro. A and B) Granulosa cells were treated for 2 h with or without the proteasome inhibitors MG132 (5 lM), lactacystin (10 lM), and FSH (100 ng/ml) in the absence (A) or presence (B) of CHX (5 lM). CCND2 content was determined and data are fold change over the loading control tubulin. C) Granulosa cells were pretreated with MG132 (5 lM, 2 h) and subsequently challenged with FSH (100 ng/ml, 1 h). CCND2 was immunoprecipitated and immunoblotted with antiubiquitin antibody to detect CCND2-conjugated UB. Immunoblots shown are representative of three independent experiments. Data are means 6 SEM of 3-5 independent experiments. A and B) Two-way ANOVA followed by Tukey posthoc test (SigmaPlot version 11.0 software). *P , 0.05 compared to respective CTL group. 
prerequisite for the initiation of granulosa cell proliferation (i.e., cell cycle progression) and by the FSH-facilitated, ubiquitination-mediated proteasomal degradation of CCND2 as a negative feedback to prevent overstimulation of granulosa cell proliferation and follicular growth. On the other hand, sustained granulosa cell proliferation and follicular growth by FSH would necessitate amplification by and synergistic actions of other growth regulators, such as activin and GDF-9 [10, 11, 27] . The mechanism by which FSH induces CCND2 expression may involve both the PKA and the PI3K signaling pathways, whereas decreased CCND2 levels may be the consequence of PKA-mediated proteasomal degradation.
